INTRODUCTION
============

The inflammatory bowel diseases (IBD) are a group of heterogeneous disorders involving the gastrointestinal tract affecting more than 3.6 million people in the United States and Europe.[@b1-gnl-10-502] There are two primary clinical phenotypes of IBD, ulcerative colitis (UC) and Crohn's disease (CD). UC involves only the colon and the inflammatory pattern is characterized by a superficial inflammation beginning at the anal verge and extending proximally through the colon in a continuous manner. The extent of inflammation can vary amongst patients. CD can involve any segment of the gastrointestinal tract (from the mouth to anus), can be patchy in nature, and in some cases is a deep inflammatory process that can lead to complications such as fibrosis or stricturing of the intestine or the development of fistulas to other loops of intestine or other organs (such as the bladder or skin). Most patients are diagnosed in their late teen years or twenties. There appears to be a genetic predisposition to these diseases, although most patients do not have a family history of IBD, highlighting the importance of environmental risk factors for the development of disease.

The cause of IBD is not known, but most experts agree that IBD develops in the setting of a genetic predisposition to the disease, exposure to an environmental trigger, and a subsequent aberrant immune response resulting in disease. Gut microbes are important components in this etiopathogenesis mix, either by providing antigenic stimuli or through alterations in membership and function that promote host-microbe imbalances that disturb intestinal and immune homeostasis. Microbes may also be mediators of environmental triggers of IBD; however, this aspect of the IBD story is still unraveling.

In this conceptual review, we will cover the role of the microbiome and health; microbiome and disease; microbiome and IBD and finally the future of microbiome research in IBD.

THE ROLE OF GUT MICROBES IN DEVELOPMENT AND MAINTENANCE OF HEALTH
=================================================================

Soon after we are born, we acquire microbes from our mothers, the environment, and things (animate and inanimate) that we encounter which become the building blocks of our microbiome. In the gut, the process proceeds organically--influenced by factors like host genetics, diet, and a competitive selection among microbes themselves that ultimately evolves into a syntrophic relationship among community members as well as with the host. This formative period of gut microbiome development is extremely important for the proper development of host organismal functions that includes the gut, but also other extraintestinal organ systems. The proper development of gut microbiota with sufficient diversity within the first few years of life[@b2-gnl-10-502] is also likely key to the ontogenesis of immune and metabolic networks. Perturbations in the proper development of the gut microbiome can therefore have long-term consequences and account for the ever increasing and alarming trends in complex immune disorders and metabolic diseases that have occurred over the past few decades.[@b3-gnl-10-502]--[@b5-gnl-10-502] While the notion of developing a "healthy" gut microbiome in the early stages of life is becoming increasingly accepted, the conundrum of what a "healthy" microbiome is remains. It is clear from many studies that the gut microbiome among healthy adult individuals varies tremendously.[@b6-gnl-10-502]--[@b8-gnl-10-502] What is a "healthy" microbiome in one individual may not be healthy in another. Consequently, any attempt to reshape the gut microbiome in early life is problematic without knowing what the best end point is for individual subjects. Nonetheless, most accept the paradigm that the natural development of a diverse gut microbiota, i.e., one that has a membership comprised of many types of microbial species, is best. On the other end of the spectrum are extreme examples of what happens when there is limited or no diversity of the gut microbiome. Hospitalized or institutionalized patients who are placed on broad spectrum antibiotics for extended periods are at increased risk for the development of antibiotic-associated colitis, a condition that arises when there is loss of diversity and abundance of most commensal microbiota that favors the bloom an opportunistic pathogenic microbe, *Clostridium difficile*.[@b9-gnl-10-502],[@b10-gnl-10-502] In germ-free mice that are brought up in a sterile environment and lack any microbiomes, profound immaturity of many organs systems can be observed along with developmental anomalies of immune and metabolic homeostasis. Thus, these examples illustrate the pivotal role that the gut microbiome plays in health and in the development of disease.

THE ROLE OF GUT MICROBES IN DEVELOPMENT OF DISEASE
==================================================

Immune-mediated diseases, such as IBD, asthma, type 1 diabetes, and multiple sclerosis are most prevalent in industrialized countries and are rare in less-developed countries. In recent decades, epidemiological studies have observed an increase in autoimmune diseases in industrialized countries. Environmental factors are likely responsible for this increased incidence and many believe that a simultaneous decrease in infectious agents and increase in personal cleanliness may be linked to the trend of increased autoimmune conditions. Proponents of this theory believe that children who are not exposed to infectious agents, commensal organisms and parasites, fail to develop immune tolerance to antigens leading to increased susceptibility to autoimmune diseases ([Fig. 1](#f1-gnl-10-502){ref-type="fig"}). Improved personal hygiene, pasteurization of food, and increased exposure to antibiotics while seemingly indicative of advances of modern society, may have unintended consequences to the developing immune system ([Table 1](#t1-gnl-10-502){ref-type="table"}).

Microbes appear to be necessary for the development of many autoimmune diseases. Murine models have demonstrated the need for bacteria to trigger disease states. In IBD, rheumatoid arthritis and multiple sclerosis murine models, germ-free mice remain disease-free.[@b2-gnl-10-502],[@b11-gnl-10-502]

Epidemiological studies have shown that heavy use of antibiotics during childhood is a risk factor for a variety of autoimmune conditions (type 1 diabetes, atopy, juvenile idiopathic arthritis, and inflammatory bowel disease.[@b12-gnl-10-502]--[@b16-gnl-10-502] Antibiotics are the most commonly prescribed medication in children accounting for one fourth of all prescriptions written in the pediatric population[@b17-gnl-10-502] although studies have suggested that many antibiotic prescriptions for children are unnecessary.[@b18-gnl-10-502],[@b19-gnl-10-502] Antibiotics disturb the gut microbiota decreasing microbial diversity, and in theory may disturb the balance of commensal and disease promoting organisms. While microbial communities appear to recover to some degree after completion of antibiotic therapy, there can be permanent compositional changes of the community.[@b20-gnl-10-502] The health consequences of these compositional changes are an area of great interest. Although still supported by limited data, it is possible that antibiotic exposure during early childhood has significant influence on the gut microbial community through the elimination of key taxa opening the door for pathogenic organisms and pathobionts to bloom which may have consequences on the development of the host immune system.

Exposure to some microbes is believed to protect against disease states. For example, helminth exposure has been postulated as a protective environmental factor. IBD and other immune-mediated diseases are uncommon is less-developed countries where most people are infested with worms.[@b21-gnl-10-502] Observational studies have demonstrated a modulation of inflammation in helminth-infested individuals with immune-mediated diseases.[@b22-gnl-10-502] Investigators in Germany reported the case of a 12-year-old girl with UC and *Enterobius vermicularis* infection whose colitis was latent during worm infestation, but activated following worm clearance. During worm infestation mucosal regulatory T cells (Treg) were increased, based on expression of the Foxp3 transcription factor and increased mRNA levels for immunomodulatory cytokines, IL-10 and transforming growth factor β(TGF-β) that were significantly reduced following worm clearance.[@b22-gnl-10-502] Animal studies have shown that helminths blunt both Th1 and Th2 immune responses and foster an immunoregulatory immune response through Treg, IL-10 and TGF-β.[@b23-gnl-10-502] In murine models of IBD, helminth eggs and live worms have also been shown to protect against the development of inflammation.[@b23-gnl-10-502],[@b24-gnl-10-502] This protective effect is likely due to this enhanced immunoregulatory immune response (Treg).

THE ROLE OF THE GUT MICROBES IN DEVELOPMENT AND OUTCOMES OF INFLAMMATORY BOWEL DISEASE
======================================================================================

IBD is an example of a Western disorder arising from the "perfect storm" of environmental, genetic, and microbial factors. In most cases, none of these factors is sufficient to result in disease, however in the presence of several of these factors, susceptibility to disease rises. Human genetic studies of IBD including more than 75,000 cases and controls have identified nearly 200 host susceptibility loci.[@b25-gnl-10-502],[@b26-gnl-10-502] Analyses of these loci suggest that the host-microbe interaction is crucial in the development of disease. In health, the intestinal mucosal immune system reacts to pathogenic antigens while maintaining tolerance to commensal organisms. In IBD, it appears that something in the environment triggers the host immune system to lose tolerance to components of commensal organisms.

There is little debate that the enteric microbiome plays an integral role in IBD. Even prior to the advances in molecular technology allowing us to deeply explore the relationship of the gut microbial communities and IBD, several observations supported the theory that microbes have a critical role in the development of IBD. D'Haens *et al*.[@b27-gnl-10-502] reported their findings in 1998 that infusion of fecal contents triggered a postoperative recurrence of ileal CD. Other evidence supporting the role of gut microbes in IBD include the clinical observation that patients often report antibiotic exposure or infections prior to IBD onset, the presence of serological markers reflecting "leaky" guts and immunologic reactions to organisms in patients with IBD, and the attenuation of inflammation in animal models of IBD in germ-free environments.

What is not well understood is how alterations in the gut microbiota lead to or perpetuate the inflammatory response in IBD. It is believed that IBD occurs in genetically susceptible individuals when the balance between host and microbial factors is lost. The mucosal immune system of the gastrointestinal tract is an important barrier to potential pathogens. The intestinal epithelial and immune cells come in contact with foreign material and are tasked to respond to potential pathogens, mounting an inflammatory response to eliminate or contain the offending agents, protecting the host. The mucosal immune system must also recognize environmental factors (dietary and microbial) which are not pathogenic, mounting a subclinical inflammatory response of tolerance. If this system is broken, the host is either susceptible to infection or in the setting of an exacerbated immune response, chronic inflammation such as that seen in IBD. Supporting the role of loss of tolerance mechanisms in IBD, patients with IBD have shown to exhibit mucosal secretion of IgG antibodies against commensal bacterial as opposed to IgA antibodies, the latter of which is the normal physiological response which does not induce inflammation.[@b28-gnl-10-502] Alternatively, altered microbial communities and host response to these communities can lead to a vicious cycle of intestinal dysbiosis leading to immune activation and inflammation with resultant suppression of the healthy microbiota and selection of pathobionts, leading to an inflammatory disorder.

Early studies of IBD and the microbiome utilized low-resolution surveys of the enteric microbial communities, however in recent years many investigators employ next-generation sequencing technology allowing for a deeper description of microbial communities and their function. Making sense of the results of these many studies has been daunting. Studies produce an incredible amount of data, are often collected in a variety of patient subsets, in a cross-sectional manner in which other factors such as medications may have important confounding effects. The sample studied in these studies also varies and can include stool or luminal samples or mucosal biopsies.

Although there are recognized limitations to the existing data, we have learned a great deal about the role of the gut microbiota in IBD. In the gut of IBD patients, there appears to be a decrease in α-diversity (species richness) and decreases in taxa within *Bacteroides* and *Firmicutes* while Gammaproteobacteria is increased.[@b29-gnl-10-502] Within the Clostridia class, there is also a shift in genera in patients with CD. *Roseburia* and *Faecalibacterium* are decreased while *Ruminococcus gnavus* is increased. *Faecalibacterium prausnitzii*, a bacterium of particular interest in IBD, is one of the most abundant organisms in the enteric microbiota, but is decreased in mucosal ileal biopsies from patients with CD and in patients at higher risk of postoperative recurrence of CD.[@b30-gnl-10-502] Low counts of *F. prausnitzii* in patients with UC were also associated with less than 12 months of remission and more than 1 relapse per year.[@b31-gnl-10-502] Additional evidence of dysbiosis in UC patients includes studies reporting an increase in Deltaproteobacteria, which contains many of the sulfate-reducing bacteria.[@b32-gnl-10-502]

A recent study collecting samples from children recently diagnosed with IBD and naïve to treatment found abundance of Enterobacteriaceae, Pasteurellacaea, Veillonellaceae, and Fusobacteriaceae, and decreased abundance of Erysipelotrichales, Bacteroidales, and Clostridiales. These community changes correlated with increased disease activity.[@b33-gnl-10-502] Exposure to antibiotics was also noted to exacerbate the community dysbiosis.

In order to understand the role of the microbiota in IBD, one must go beyond consideration of microbial composition and consider the functional diversity of the enteric microbiota ([Fig. 2](#f2-gnl-10-502){ref-type="fig"}). The microbiome is vital to maintaining host health and is involved in many processes including influencing immune system development, energy metabolism, drug metabolism, and vitamin biosynthesis. Morgan *et al*.[@b34-gnl-10-502] performed a study with the intent to bridge the gap between studies examining composition and functional differences of the gut microbiota in IBD and healthy individuals while accounting for environmental factors such as age, treatment, and tobacco use. These investigators assessed the composition of the microbial communities of the gut and further analyzed the inferred metagenome using reference genomes. This inferred functional metagenomic analysis found shifts in the microbial community in patients with IBD as previously described (changes in Firmicutes and Proteobacteria phyla), however they noted that there were functional themes in the observed dysbiosis and changes in function appeared to be more common than change in composition alone. Twelve percent of metabolic pathways were differentially abundant in patients with IBD compared to controls while only 2% of genera were significantly different between populations. Their observed changes in microbiome function may possibly reflect the microbiomes response to oxidative stress and nutrient availability in the setting of inflammation. There were also changes in carbohydrate metabolism and amino acid biosynthesis. Ileal CD was associated with an increase in virulence and secretion pathways.[@b34-gnl-10-502],[@b35-gnl-10-502]

One of the important functions of the microbiome is the production of short chain fatty acid (SCFA), acetate, propionate, and butyrate. Bacteria ferment dietary fiber producing SCFAs which are a primary energy source for the colonic epithelium and may induce expansion of T regulatory cells.[@b36-gnl-10-502] The bacteria that produce SCFAs are phylogenetically diverse however there are many examples of bacterial groups known to produce SCFAs that appear to be decreased in IBD. *Roseburia* and *Phascolarctobacterium* are decreased in CD while Odoribacter and Leuconostocaceae are decreased in UC.[@b34-gnl-10-502] *Faecalibacterium*, which has been associated with IBD as described above, is another SCFA-producing bacteria. Metagenomic studies of the enteric microbiome have also shown a decrease in genes related to butyrate and propionate metabolism in CD patients.[@b34-gnl-10-502]

In addition to function, investigators are also beginning to consider the role of the host-microbial interaction in IBD. A recent study of UC and FAP patients with ileal pouches compared host gene expression and the mucosal microbiome in patients with and without pouchitis.[@b35-gnl-10-502] Host gene expression in UC patients varied based on sampling location (prepouch vs pouch). However, the microbial community was not significantly different in the prepouch ileum compared to the pouch suggesting host gene expression does not determine microbial composition. Antibiotic use had the greatest effect on microbial composition, while inflammation was associated with changes in host gene expression. While the cross-sectional nature of this study did not allow for determination of causation of inflammation, this study moves the field forward in gaining biological insights into the complex interactions of host and microbial community in disease.

RESTORING BALANCE OF THE GUT MICROBIAL COMMUNITY
================================================

Most treatments for IBD counteract the host immune response driving the inflammatory process. With the greater appreciation of the role of the microbial community in disease, there is an interest to restore the balance of the gut microbial community through diet, prebiotics, probiotics, and fecal microbial transplantation (FMT). Historically, antibiotics have been the most frequently used treatment to alter the gut microbiota; however this mode of treatment has met limited success with the exception of treatment of pouchitis. Prebiotics are poorly digested carbohydrates (fiber) that are selectively fermented by bacteria and enhance growth of commensal microbes. Probiotics are beneficial live microorganisms aimed to restore the healthy microbes in the gut microbial community. While prebiotics and probiotics are different forms of microbial therapy, both aim to restore balance of the microbiota. These supplements are not regulated by the Food and Drug Administration (FDA) and not subject to quality control measures. Given this limitation, their effects are likely inconsistent and difficult to study. It is unlikely that either of these treatment modalities is sufficient to provide a lasting and meaningful treatment response in IBD patients, particularly if given as monotherapy.

There is more enthusiasm for FMT in the treatment of IBD. FMT is believed to have the potential to restore the normal gut flora and has had great success in the treatment of recurrent *C. difficile* infection which has led to interest using FMT to restore the underlying dysbiosis found in IBD. The first report of FMT for the treatment of IBD was in 1989, when one of the paper's authors described use of FMT (given as retention enemas) to treat his UC. He described histologic remission at 3 months and clinical remission at 3 and 6 months.[@b37-gnl-10-502] There have been mixed results in subsequent small clinical trials examining FMT in UC which is likely a result of small sample sizes, variation in methodology and selection of donor stool. Recently a systematic review and meta-analysis looked at 18 studies including 122 patients with IBD who underwent FMT. Clinical remission was achieved in 45% of patients, and 36.2% when excluding case series.[@b38-gnl-10-502] Two recent studies of FMT for UC were recently reported, both of which were stopped prematurely due to futility.[@b39-gnl-10-502],[@b40-gnl-10-502] However, in one of these trials, remission was achieved in (9/38) 24% of patients receiving FMT compared to (2/37) 5% of patients receiving placebo, meeting the primary endpoint of the trial.[@b39-gnl-10-502] The role of FMT in IBD is not yet known. The inconsistent results in UC trials and the limited data available for CD make it difficult to speculate if FMT will be a successful treatment we can offer our patients. Larger trials are needed, and optimized methods for administration including duration of treatment need to be elucidated. There is great interest to explore methods of manipulating the gut microbiota in IBD and hopefully in the future we will have a greater understanding how best to address the microbial dysbiosis often encountered in IBD.

THE FUTURE: OVERCOMING CHALLENGES AND MOVING FORWARD
====================================================

IBD is a group of complex diseases that has great variability amongst the individuals it affects. The hope of the IBD research community is to eventually cure and prevent this group of diseases. However, before we can reach a cure, we must understand the barriers preventing us from achieving this ambitious goal ([Table 2](#t2-gnl-10-502){ref-type="table"}). The first step in advancing our efforts to a cure is to recognize that we must individualize our approach to each patient suffering from these diseases. There is likely not one cause of IBD. Rather the etiopathogenesis is likely variable amongst affected individuals. As a result our approach to treating our patients must be individualized as well. We propose the phenotyping of patients should include not only the extent and nature of disease, but also the genetic, serologic and microbial characteristics as well. In order to integrate these data into meaningful datasets, we must overcome the disconnect between clinicians and researchers, each seemingly looking at the same problem in isolation. A team approach leading to better communication, education and information distribution could lead to the development of diagnostic and management algorithms integrating clinical metadata and new technologies. To achieve this, clinicians must help researchers understand the reach and impact of their work. Once a microbial ecologist understands how their work can translate into improving the lives of many patients, their work becomes even more meaningful. Alternatively, researchers need to help clinicians understand the technology and tools that are readily used in the field and how to make sense of latest discoveries. Often clinicians are intimidated by basic research, however as the dialog improves, a team approach has the opportunity to move the field of IBD forward at a much faster pace.

Second, we need to learn to make best use of the technologies available to us. There has been a rapid evolution of technology in the sequencing field. This rapid evolution has exceeded our abilities to understand how best to use these technologies and analyze and integrate massive data sets. Through the excitement of available platforms, investigators have in essence jumped the gun; acquiring data without a clear purpose or plan for interpretation of findings. This has resulted in an accumulation of a large amount of data that is either uninterpretable or questionably interpreted. To address this issue, it is important that leaders in the field help develop standard operating procedures for sample acquisition and processing. Scientists must move beyond the frame of mind intent to biobank, collect samples and process. Instead, we must think through the questions we aim to answer and plan our studies accordingly. We must think through our study designs to achieve a top-down approach. Many studies of the microbiome are cross-sectional in nature, however longitudinal studies are required to understand the cause-effect relationship of changes in the microbiome and disease. The sampling method must also be carefully considered. For example, in IBD (a disease of the gut mucosa) should we study intestinal mucosal samples or luminal samples as we address questions of the microbiome and disease? The effect of colonic lavage on the microbiota must be considered. Finally, communication and teamwork are crucial such that the members of the team formulating the biological question and those analyzing the data are able to produce results in the appropriate context understanding the important confounding variables which might include disease specific factors such as medications, history of surgical resection, diet and smoking status.

If the ultimate goal is to prevent and cure IBD, we must take a step back and calculate how we predict risk of disease or flare of disease. This may involve identifying those individuals genetically predisposed to disease and learning how reshaping the gut microbiome leads to disease or flare of disease. In order to finally cure IBD, we should first identify homogenous sets of patients where the etiopathogenesis is known. This is occurring in familial exome sequencing studies where families with a high penetrance of disease are studied, patients phenotyped and a common IBD susceptibility gene identified. The function of this genetic variant can be studied and targeted for individualized treatment. This approach allows us to direct therapies to specific targets and pathways whether directed at the microbial community or the host.

This is an exciting time in the IBD research community. Investigators across institutions are working together to study biologically relevant questions in IBD at a time when technological advances in microbiome research and the growing field of computational biology might allow us to finally understand how to provide precision medicine for our IBD patients who have already suffered enough.
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![Factors influencing the gut microbiome after birth. Many genetic and environmental factors influence the infant gut microbiome. Exposure to the mother's microbiome, beginning with the birthing process, and an infant's genetic background, diet and competitive selection among the microbes themselves are all important factors for the development of the microbiome.](gnl-10-502f1){#f1-gnl-10-502}

![The role of the gut microbiome in inflammatory bowel diseases. Although the microbial composition of the gut microbiota is important for health, recent studies have recognized the importance of the function of the microbial community and the host-microbial interaction in health and disease.](gnl-10-502f2){#f2-gnl-10-502}
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Factors Reducing Microbial Exposure in the Modern World

  Hygiene theory: factors reducing microbial exposure
  -----------------------------------------------------
  Improved personal hygiene
  Pasteurization of food
  Antibiotics
  Absence of helminth infestation
  Caesarean section
  Less crowded living environments
  Antibacterial cleaning products

###### 

The Future of Microbial Ecology and Inflammatory Bowel Diseases

  ----------------------------------------------------------------------------------------------------------------------------
  Comprehensive phenotyping of patients, allowing personalized approach to therapy
   Genetic, serologic, microbial signatures
  Team approach to discovery and application, bridging the gap between clinician and scientist
  Investment in longitudinal studies of the microbiome and IBD
  Moving beyond descriptive studies of microbiota, incorporating microbial function and role of the host-microbe interaction
  ----------------------------------------------------------------------------------------------------------------------------
